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 Xenopus laevis FGF16 activates the expression of genes 
coding for the transcription factors Sp5 and Sp5l
MICHAEL ELSY, ABIGAIL ROWBOTHAM, HANNAH LORD, HARRY V. ISAACS and MARY E. POWNALL*
Biology Department, University of York, UK
ABSTRACT  Fibroblast growth factors (FGFs) comprise a family of signalling molecules with es-
sential roles in early embryonic development across animal species. The role of FGFs in mesoderm 
formation and patterning in Xenopus has been particularly well studied. However, little is known 
about FGF16 in Xenopus. Using in situ hybridisation, we uncover the expression pattern of FGF16 
during early Xenopus laevis development, which has not been previously described.  We show 
that the zygotic expression of FGF16 is activated in the mesoderm of the early gastrula as a ring 
around the blastopore, with its first accumulation at the dorsal side of the embryo. Later, FGF16 
expression is found in the otic vesicle, the branchial arches and the anterior pituitary, as well as in 
the chordal neural hinge region of the tailbud. In addition, we show that FGF16 can activate the 
MAPK pathway and expression of sp5 and sp5l. Like FGF16, sp5 is expressed in the otic vesicle 
and the branchial arches, with all three of these genes being expressed in the tailbud.  These data 
provide evidence that FGF16 is present in the early mesoderm and can activate the expression of 
developmentally important transcription factors. 
KEY WORDS: mesoderm, secreted growth factor, cell signaling, transcriptional regulation
Introduction
Fibroblast growth factors (FGFs) are small polypeptide signal-
OLQJPROHFXOHVGHÀQHGE\DFRQVHUYHGDPLQRDFLGFRUH
DQGWKHLUKLJKDIÀQLW\IRUKHSDUDQVXOIDWH*RHW]	0RKDPPDGL
)*)VVLJQDOWKURXJKDIDPLO\RIW\URVLQHNLQDVHUHFHSWRUV
(Zhang et al.FRGHGIRUE\IRXUGLVWLQFW)*)UHFHSWRU)*)5
genes that can be differentially spliced (Johnson et al
7KLVWRJHWKHUZLWKPXOWLSOHGLVWLQFWOLJDQGVOHDGVWRWKHLPSUHV-
VLYHFRPSOH[LW\XQGHUO\LQJ)*)VLJQDOOLQJ$FWLYDWLRQRIWKH)*)
SDWKZD\LQYROYHVWKHIRUPDWLRQRIDWULSDUWLWHVLJQDOOLQJFRPSOH[
RI)*)OLJDQGKHSDUDQVXOIDWHDQG)*)57XUQEXOO et al.
5HFHSWRUGLPHUL]DWLRQDFWLYDWHVRQHRIIRXUGRZQVWUHDPVLJQDO
WUDQVGXFWLRQSDWKZD\VPLWRJHQDFWLYDWHGSURWHLQNLQDVH0$3.
phospholipase-C a3/&aSKRVSKDWLG\OLQRVLWRONLQDVH3,
NLQDVHRU-DQXVNLQDVHVLJQDOWUDQVGXFHUDQGDFWLYDWRURIWUDQ-
VFULSWLRQ-DN67$7'RUH\	$PD\D2UQLW]	,WRK
The autophosphorylation of tyrosine residues within the FGFR 
LQWUDFHOOXODUGRPDLQUHVXOWVLQWKHSKRVSKRU\ODWLRQRI)56_D
NLQDVHVXEVWUDWHFRQVWLWXWLYHO\DVVRFLDWHGZLWKWKH)*)5DQGWKH
VXEVHTXHQWUHFUXLWPHQWRIWKH*5%DGDSWHUSURWHLQ*5%WKHQ
UHFUXLWVWKHJXDQLQHQXFOHRWLGHH[FKDQJHIDFWRUVRQRIVHYHQOHVV
(SOS) (Ong et al.)RUWKHDFWLYDWLRQRIWKH0$3.SDWK-
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ZD\626DFWLYDWHV5DV*73DVHLQWXUQDFWLYDWLQJ5DID0$3
NLQDVHNLQDVHNLQDVH0HND0$3NLQDVHNLQDVHDQG0$3.
(5. LQ D FDVFDGH RI SKRVSKRU\ODWLRQ HYHQWV 3KRVSKRU\ODWHG
(5.WUDQVORFDWHVWRWKHQXFOHXVDQGPRGLÀHVWKHDFWLYLW\RI(WV
IDPLO\WUDQVFULSWLRQIDFWRUVUHVXOWLQJLQHIIHFWVRQJHQHH[SUHVVLRQ
downstream of FGF signalling (Randi et al
7KHUHDUHPHPEHUVRIWKH)*)IDPLO\ZKLFKDUHGLYLGHGLQWR
VXEIDPLOLHVSDUDFULQH)*)V)*)LQWUDFHOOXODU
)*)V)*)DQGHQGRFULQH)*)V)*)0RVW
FGFs require N-terminal signal peptides for secretion (Käll et al.
+RZHYHUWKH)*)JURXSLQFOXGLQJ)*)DQG
ODFNFOHDYDEOHVLJQDOSHSWLGHV,WRK	2UQLW]7KHVHFUH-
WLRQRIWKHVH)*)VUHOLHVXSRQXQFOHDYDEOHELSDUWLWHVLJQDOVLQ
WKH1WHUPLQDODQGFHQWUDOK\GURSKRELFUHJLRQ0L\DNDZD et al.
5HYHVW et alZLWKVHFUHWLRQQRQHWKHOHVVUHTXLU-
LQJWKH*ROJLDQGWKHHQGRSODVPLFUHWLFXOXP(50L\DNDZD	
,PDPXUD
)*)ZDVRULJLQDOO\LGHQWLÀHGLQWKHUDWKHDUW0L\DNH et al.
 DQG KDV NQRZQ FDUGLRJHQLF DQG FDUGLRSURWHFWLYH UROHV
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+RWWD et al./X et al:DQJ et alDVZHOODV
UROHVLQWKHGHYHORSPHQWRIWKHFKLFNLQQHUHDU&KDSPDQ et al.
2OD\D6iQFKH] et al.WKHIRUPDWLRQRISHFWRUDOÀQ
EXGVLQ]HEUDÀVK1RPXUD et al.DQGWKHVSHFLÀFDWLRQRI
*$%$HUJLFQHXURQVDQGROLJRGHQGURF\WHVLQWKH]HEUDÀVKIRUHEUDLQ
0L\DNH et al51$VHTDQDO\VLVVKRZVFGF1LVH[SUHVVHG
during gastrulation in X.laevis and X.tropicalis embryos (Owens 
et al.6HVVLRQ et al.)RUH[DPSOHFGF16.L H[SUHV-
VLRQSHDNVDW1)VWDJHDQGUHPDLQVKLJKGXULQJQHXUXODWLRQ
in X.laevis EHIRUH GHFUHDVLQJ LQ HDUO\ DQG ODWH WDLOEXG VWDJHV
whereas FGF16.SLVH[SUHVVHGDWDPXFKORZHUOHYHODQGLVQRW
H[SUHVVHGDIWHUJDVWUXODWLRQ2ZHQV et al.6HVVLRQ et al.
$WWHPSWV WR FORQH FGF16 from Xenopus tropicalis were 
XQVXFFHVVIXO/HD et al.DQGWKHVSDWLDOH[SUHVVLRQSDWWHUQ
of FGF16KDVQRWEHHQSUHYLRXVO\GHVFULEHGGXULQJWKHGHYHORS-
ment of X.tropicalis or X.laevis. 
7UDQVFULSWLRQGRZQVWUHDPRI)*)VLJQDOOLQJKDVEHHQLQYHVWL-
gated in Xenopus mesoderm (Branney et al.,DQGWKHJHQHWLF
WDUJHWVLGHQWLÀHGLQFOXGHGsp5 and sp5-like (sp5l)ZKLFKFRGHIRU
]LQFÀQJHUWUDQVFULSWLRQIDFWRUV2VVLSRYD et al., 'HVSLWH
WKLVÀQGLQJ LQXenopusPRVWRI WKHNQRZOHGJHOLQNLQJsp5 and 
sp5l WRDUROHGRZQVWUHDPRI)*)VLJQDOOLQJFRPHVIURPZRUNLQ
]HEUDÀVKSp5 (bts1H[SUHVVLRQLQWKHQHXUDOSODWHZDVIRXQGWR
be strongly reduced in response to FGF inhibition (Tallafu` et al., 
DQGsp5lH[SUHVVLRQLQWKHPHVRGHUPLVDOVRGHSHQGHQW
on the presence of FGF signals (Zhao et al.:HLGLQJHU et 
al. &RQVLVWHQWZLWKDUROHGRZQVWUHDPRI)*)VLJQDOOLQJ
6SOFDQSRVWHULRUL]HWKHQHXURHFWRGHUPDVLWSRVLWLYHO\UHJXODWHV
SRVWHULRUQHXURHFWRGHUPDOPDUNHUhoxb1b and represses the an-
WHULRUPDUNHUVfez and otx1 in whole embryos (Zhao et al
These studies support the idea that sp5 and sp5l are downstream 
WDUJHWVRI)*)VLJQDOOLQJLQ]HEUDÀVK. +HUHZHGHVFULEHWKHFORQ-
ing and characterisation of X. laevis FGF16 and identify sp5 and 
sp5l as transcriptional targets of FGF signalling during amphibian 
GHYHORSPHQW
Results
Cloning of Xenopus laevis FGF16
The predicted sequence for X. laevis FGF16RQFKURPRVRPH/
HQFRGHVDDPLQRDFLGSURWHLQWKDWLVKLJKO\KRPRORJRXV
DPLQRDFLGLGHQWLW\WRKXPDQ)*)7KHJHQRPLFRUJDQLVDWLRQ
shows syntenic regions in XenopusDQGKXPDQFKURPRVRPHV
SURYLGLQJFRQÀGHQFHWKDWWKHVHTXHQFH*HQ%DQN$FFHVVLRQ1R
;0BHQFRGHVIRUWKHIXOOOHQJWKX. laevis)*)/
SURWHLQ3&5SULPHUVZHUHGHVLJQHGDJDLQVWWKHSUHGLFWHGF'1$
Fig. 1. Phylogenetic analysis of predicted FGF families. FGF family 
groupings are represented by brackets. Bold red brackets indicate the FGF9 
subfamily: FGF9, FGF16 and FGF20. Protein sequences were aligned using 
MUSCLE. The evolutionary history was inferred by using the Maximum 
Likelihood method based on the Jones-Taylor-Thornton (JTT) matrix-based 
model (Jones et al., 1992). The percentage of trees in which the associ-
ated taxa clustered together is shown next to the branches (500 bootstrap 
support). The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. Labels are as follows: xl = Xenopus laevis; 
gg = Gallus gallus; hs = Homo sapiens.
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VHTXHQFH7DEOHDQGDESSURGXFWZDVDPSOLÀHG
IURPF'1$GHULYHGIURPX. laevisHPEU\RV1)VWDJH
Analysis of gene expression at gastrula stages
',*ODEHOOHGDQWLVHQVH51$SUREHVZHUHXVHGIRUin situ 
hybridisation analysis of FGF16JHQHH[SUHVVLRQ)LJV
DQGFGF16H[SUHVVLRQLVUHVWULFWHGWRWKHGRUVDOEODV-
WRSRUHOLSGXULQJVWDJHDQGDVJDVWUXODWLRQSURFHHGV
WKHH[SUHVVLRQRIFGF16H[WHQGVWRWKHPHVRGHUPDURXQG
WKHZKROHRI WKHEODVWRSRUHE\VWDJHDQG LVVHHQ LQ
the posterior mesoderm around the closed blastopore at 
VWDJH:HKDYHDQDO\VHGWKHJHQHVsp5 and sp5l as 
SRWHQWLDOWDUJHWVRI)*)VLJQDOOLQJDWJDVWUXODVWDJHVERWK
sp5 and sp5lKDYHPXFKZLGHUH[SUHVVLRQGRPDLQVWKDQ
FGF16 )LJ'(DQG*+$W1)VWDJHFGF16sp5 
and sp5lDUHDOOFRH[SUHVVHGLQWKHSRVWHULRUPHVRGHUP
DURXQGWKHFORVHGEODVWRSRUH)LJ&)DQG,DUURZ
Analysis of FGF16 at later stages
 Using in situ K\EULGLVDWLRQZHKDYHIRXQGWKDWFGF16 
LVH[SUHVVHGLQWKHSRVWHULRUPHVRGHUPRIHDUO\ WDLOEXG
HPEU\RVDVZHOODVWKHRWLFYHVLFOHDQGDQWHULRUSLWXLWDU\
)LJ$%FGF16H[SUHVVLRQLVGHWHFWHGLQWKHEUDQFKLDO
DUFKHVDQGPHVRGHUPRIODWHUWDLOEXGV)LJ&',QWKH
WDLOFGF16H[SUHVVLRQ LVUHVWULFWHGWR WKHFKRUGRQHXUDO
hinge and the posterior wall of the neuroenteric canal 
)LJ ' 7XFNHU 	 6ODFN  FGF16 LV H[SUHVVHG
LQWKHDQWHULRUSLWXLWDU\GXULQJHDUO\WDLOEXGGHYHORSPHQW
)LJ%LQX.laevisFRQVLVWHQWZLWKÀQGLQJVLQ]HEUDÀVK
0L\DNH et al.,
Analysis of sp5 and sp5l in X.tropicalis embryos
7KHH[SUHVVLRQRIsp5 and sp5l has been described in 
LVRQO\H[SUHVVHGLQWKHWDLOEXG)LJ/07KHVHGDWDUHYHDO
WKDWWKHH[SUHVVLRQSDWWHUQVRIsp5 and sp5l are distinct throughout 
GHYHORSPHQWDQGKDYHVRPHRYHUODSSLQJUHJLRQVRIH[SUHVVLRQWR
FGF16DVZHOODVRWKHU)*)OLJDQGV/HD et al.,
Analysis of FGF16 signal transduction
The N-terminus of most FGF ligands has a region of high 
Fig. 2. Expression analysis FGF16, sp5 and sp5l in gastrula stage X.laevis em-
bryos. In situ hybridisation analysis was used to detect transcripts for FGF16 (A-C), 
sp5 (D-F), and sp5l (G-I) during gastrulation. Stages 10 posterior/vegetal (A, D, G) 
11 posterior/vegetal view (B, E, H) and 12 (C, F, I) posterior view. Arrow indicates 
dorsal blastopore lip in all panels.
Fig. 3. Developmental expression pattern of FGF16 in 
X.laevis embryos. In situ hybridisation analysis was used to 
detect transcripts for FGF16 at several developmental stages in 
X. laevis embryos. At least 15 embryos were analysed at each 
stage (st). (A,B) St 26, lateral and anterior views respectively. 
(C,D) St 35, lateral and magnified lateral tail views respectively. 
Abbreviations are as follows: anterior pituitary (ap), otic vesicle 
(ov), plate mesoderm (pm), branchial arches (ba) and chordo-
neural hinge (cnh).
X. laevisEXWQRWLQX. tropicalisZKLFKZHUHSRUWKHUH2VVLSRYD 
et al.,Sp5H[SUHVVLRQLQX. tropicalisDWQHXUXODVWDJHLV
IRXQGLQWKHPLGEUDLQDQGWKHQHXUDOFUHVWDVZHOODVEHLQJIDLQWO\
H[SUHVVHGWRZDUGVWKHSRVWHULRURIWKHHPEU\R)LJ$%Sp5l is 
H[SUHVVHGDORQJWKHQHXUDOIROGVDQGLQWKHSRVWHULRUUHJLRQRIWKH
HPEU\R)LJ')DQGDOVRH[SUHVVHGLQPLJUDWLQJFUHVWFHOOVLQ
WKHEUDQFKLDODUFKUHJLRQ)LJ'$WVWDJHHDUO\WDLOEXGsp5 
G
B C
D E F
H I
A
B
C D
A
KDVFOHDUH[SUHVVLRQLQWKHKHDGLQFOXGLQJWKHIRUHEUDLQ
PLGEUDLQ PLGEUDLQKLQGEUDLQ EDUULHU 0+% DQG RWLF
SODFRGHEXWDOVRLQDVPDOOGRPDLQLQWKHWDLOEXG)LJ
&Sp5lDWVWDJHLVH[SUHVVHGLQWKHSRVWHULRURIWKH
QHXUDOWXEHDQGWKHWDLOEXGEXWDOVRLQDVPDOOGRPDLQ
LQWKHKHDG)LJ*+$WVWDJHsp5H[SUHVVLRQLQ
X. tropicalisLVIRXQGLQWKHIRUHEUDLQPLGEUDLQ0+%
EUDQFKLDODUFKHV %$DVSUHYLRXVO\GHVFULEHG LQ
X.laevis (Square et al.,  DQGGRUVDO WR WKHRWLF
YHVLFOHVDQGLQWKHWDLOEXG)LJ,.$WWKLVVWDJHsp5l 
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hydrophobicity called a signal sequence that is required for 
VHFUHWLRQ+RZHYHUYHUWHEUDWHRUWKRORJXHVRI)*))*)
DQG)*)KDYHGLYHUJHQW1WHUPLQLDQGODFNDVLJQDOVHTXHQFH
0L\DNDZD	 ,PDPXUD7KHVH)*) OLJDQGVDUHFKDU-
DFWHULVHGE\FRQVHUYHGPLGUHJLRQVDQG&WHUPLQL WKDWDOORZ
VHFUHWLRQ.DWRK	.DWRK7KLVLVVKRZQLQ)LJZKHUH
WKH ORZ1WHUPLQXVK\GURSKRELFLW\ IRU WKH)*)VXEIDPLO\ LV
FRPSDUHG WR )*) )LJ $ FRPSDUHG WR )LJ  %' 7KH
)*)VXEIDPLO\PHPEHUVFRQWDLQDQ LQWHUQDOK\GURSKRELFLW\
UHJLRQZKLFKOLNHO\DLGVWKHSURWHLQV·VHFUHWLRQRXWRIWKHFHOO
0L\DNDZD	,PDPXUD
7KHDQLPDOFDSLVDVRXUFHRISOXULSRWHQWFHOOVZKLFKGHYHO-
ops into atypical epidermis in the absence of additional signals 
*UHHQ8SRQWUHDWPHQWZLWKJURZWKIDFWRUVLQFOXGLQJ
)*)VWKHDQLPDOFDSFDQEHGLYHUWHGIURPWKLVHSLGHUPDOIDWH
WRGLIIHUHQWLDWHLQWRGLIIHUHQWWLVVXHW\SHVVXFKDVPHVRGHUP
.LPHOPDQ	.LUVFKQHU6ODFN et al. 7KHUHIRUHWKLV
DSSURDFKSURYLGHVDUREXVWELRORJLFDODVVD\IRU)*)DFWLYLW\
)LJ(5.DOVRNQRZQDV0$3.LVWKHHIIHFWRURIWKH5DV
5DI0(.0$3.VLJQDOOLQJSDWKZD\7KHGLSKRVSKRU\ODWLRQRI
(5.GS(5.LQGLFDWHVWKDW)*)FDQVWURQJO\DFWLYDWHWKH
0$3.VLJQDOOLQJSDWKZD\LQDQLPDOFDSV)LJ$)*)LV
VKRZQWRDIIHFWFHOOEHKDYLRXUGXHWRXQWUHDWHGDQLPDOFDSV
IRUPLQJURXQGEDOOVRIDW\SLFDOHSLGHUPLVDIWHUGD\V)LJ%
ZKHUHDVWKRVHH[SUHVVLQJ)*)IRUPYHVLFOHVRIPHVRGHUP
LQFOXGLQJEORRGPHVRWKHOLXPDQGPXVFOH)LJ&
FGF signalling activates sp5 and sp5l expression
3UHYLRXVUHVHDUFKVXJJHVWVWKDWX.laevis sp5 and sp5l are 
SRVLWLYHO\UHJXODWHGWDUJHWVRI)*)VLJQDOOLQJ%UDQQH\ et al.
3DUN et al.7RIXUWKHUWHVWWKLVSRVVLELOLW\WKHHI-
fect of increasing FGF signalling on sp5 and sp5lH[SUHVVLRQ
ZDVLQYHVWLJDWHGX. laevisHPEU\RVZHUHLQMHFWHGZLWKSJ
RIP51$FRGLQJ IRUFGF4NQRZQ WREHDSRWHQWPHVRGHUP
LQGXFHU ,VDDFV et al.  RU SJ RI P51$ FRGLQJ IRU
FGF16573&5ZDVSHUIRUPHGRQVWDJHZKROHHPEU\RV
DQGDQLPDOFDSH[SODQWVIURPLQMHFWHGHPEU\RVFRPSDUHGWR
XQLQMHFWHGFRQWUROV([SUHVVLRQRIsp5sp5l DQGNQRZQ)*)
WDUJHWVxbra cdx4 DQGgr1ZDVDQDO\VHG%RWK FGF4 and 
FGF16 LQMHFWLRQLQGXFHGWKH)*)WDUJHWJHQHVDVZHOODVsp5 
and sp5l)LJ'
&ROOHFWLYHO\WKHVHUHVXOWVVKRZWKDWsp5 and sp5l are down-
VWUHDPWDUJHWVRI)*)VLJQDOOLQJZLWKWKHLGHQWLILFDWLRQRI)*)
DVDQRYHOOLJDQGWKDWKDVPHVRGHUPLQGXFLQJDFWLYLW\
Fig. 4. Developmental expression pattern of sp5 and sp5l in X.tropicalis 
embryos. Analysis of sp5 and sp5l expression by whole-mount in situ 
hybridisation of X. tropicalis embryos; at least 15 embryos were analysed 
at each developmental stage for each probe. (A,B) sp5 expression at 
neurula st18, lateral and dorsal views respectively. White triangles show 
faint expression in the posterior region of the embryos. (C) sp5 expression 
at tailbud st25, lateral view. (D,E) sp5l expression at neurula st18, lateral 
and dorsal views respectively. (F) Transverse section of the embryo in (E) at the level of the dashed line. (G) sp5l expression at tailbud st26, lateral 
view. (H) Transverse section of embryo in (G) at the level of the dashed line. (I-K) sp5 expression at tailbud st31, lateral view. (L,M) sp5l expression 
at tailbud st31, lateral view. Abbreviations: Midbrain (MB), Neural crest (NC), Forebrain (FB), Otic placode (OP), Midbrain Hindbrain Boundary (MHB), 
Migrating crest cells (MCC) Neural fold (NF), Neural tube (NT), Branchial Arches (BA), Otic Vesicle (OV).
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Discussion
FGF16 signal transduction
,QWKLVVWXG\)*)ZDVIRXQGWREHDEOHWRDFWLYDWH0$3.
VLJQDOOLQJDQGLQGXFHPHVRGHUP7KH5DV5DI0(.(5.0$3.
SDWKZD\KDVDZHOOGHÀQHGUROHLQUHJXODWLQJPHVRGHUPLQGXFWLRQ
LQUHVSRQVHWR)*)VLJQDOOLQJ&RUQHOO	.LPHOPDQ/D%RQQH 
et al/D%RQQH	:KLWPDQ8PEKDXHU et al.
:KLWPDQ	0HOWRQ)*)KDVDOVREHHQVKRZQWRVLJQDO
WKURXJKWKH0$3.SDWKZD\LQKXPDQRYDULDQFDQFHUFHOOV%DVX 
et alDQGKHUHZHGHPRQVWUDWH)*)PHGLDWHG0$3.
DFWLYLW\ WREHREVHUYHG LQ WKHPHVRGHUPLQGXFWLRQDVVD\7KH
UROHRI)*))*)DQG)*)LQPHVRGHUPLQGXFWLRQKDVQRW
EHHQZHOOFKDUDFWHULVHG+RZHYHUFGF9/16/20DQDQFHVWUDOIRUP
RI WKH YHUWHEUDWH)*)VXEIDPLO\ KDVEHHQVKRZQ WR LQGXFH
mesenchyme formation in Ciona intestinalis HPEU\RV,PDL et al.
7RNXRND et al.7KHSUHVHQFHDQGDFWLYLW\RIWKLVFODVV
RI)*)OLJDQGLQDGLVWDQWFKRUGDWHUHODWLYHVXSSRUWVWKHQRWLRQ
WKDW)*LVDFRQVHUYHGIDFWRUIRUPHVRGHUPVSHFLÀFDWLRQ
'DYLGVRQ et al. )XUWKHUPRUHDQ51$VHTVFUHHQRIX. 
laevisJDVWUXODH[SUHVVLRQLQGRUVDODQGYHQWUDOOLSWLVVXHLGHQWL-
ÀHGFGF16.S and FGF16.L DVKDYLQJPRGHUDWHSRVLWLYH3HDUVRQ
FRUUHODWLRQFRHIÀFLHQWVRIDQGUHVSHFWLYHO\WRFKRUGLQ
indicating the two genes may share transcriptional regulation 
mechanisms and that )*)PD\EHLQYROYHGLQGRUVDOYHQWUDO
patterning (Ding et al.
7KHSDUDFULQH)*)VVLJQDOWKURXJKWKHIRXUGLIIHUHQW)*)5V
triggering multiple downstream signalling pathways to result in 
the regulation of transcription factors required for controlling many 
GLIIHUHQWGHYHORSPHQWDOSURFHVVHVVXFKDVPHVRGHUPLQGXFWLRQ
UHYLHZHGLQ2UQLW]DQG,WRK7KHDOWHUQDWLYHVSOLFLQJRI
)*)5UHFHSWRUVJUHDWO\LQFUHDVHVOLJDQGELQGLQJVSHFLÀFLW\SDU-
WLFXODUO\WKURXJKWKHJHQHUDWLRQRIWZRLVRIRUPVRI,JOLNHGRPDLQ
,,,HSLWKHOLDOEVSOLFHIRUPVRUPHVHQFK\PDOFVSOLFHIRUPV<HK 
et al.)*)VXEIDPLO\PHPEHUVKDYHVLPLODU)*)5ELQGLQJ
DIÀQLWLHV=KDQJ et al)RUH[DPSOHPRXVHKRPRORJXH
)*)SUHIHUHQWLDOO\ELQGVWR)*)5DQG)*)5FVSOLFHYDULDQWV
GLVSOD\LQJJUHDWHVWDIÀQLW\IRU)*)5EXWGRHVQRWELQG)*)5RU
)*)5+HFKW et al.2UQLW] et al.6DQWRV2FDPSR et 
al.=KDQJ et al., FRQÀUPDVWURQJELQGLQJRI)*)
DQGWR)*)5F)*)5EDQG)*)5FZKHQFDWDORJXLQJ
WKHUHFHSWRUELQGLQJRIDOO)*)OLJDQGVLQWKHPXULQH%DIFHOO
OLQH)*)ELQGLQJPDWFKHVWKHRWKHU)*)VXEIDPLO\PHPEHUV
DOWKRXJKLWKDVKLJKHUDIÀQLW\IRU)*)5E=KDQJ et al.
0XULQH)*)DSSHDUVWRKDYHWKHKLJKHVWDIÀQLW\IRU)*)5F
IROORZHGE\)*)5EDQG)*)5FEXWGRHVQRWELQGWR)*)5E
RU)*)5EDQGRQO\ZHDNO\ELQGV)*)5=KDQJ et al.
7KHVDPHELQGLQJSURÀOHIRU)*)LVUHYHDOHGXVLQJWKH%DI
DVVD\ZLWKYHU\ZHDN)*)5FDIÀQLW\GHPRQVWUDWHG/DYLQH et 
al/X et al.)XUWKHUPRUH)*)PHGLDWHGLQYD-
VLRQ LQDKXPDQRYDULDQFDQFHUPRGHOSHUVLVWVXSRQDGGLWLRQ
RIDVHOHFWLYH)*)5LQKLELWRU3'0RKDPPDGL et al.
 FRQÀUPLQJ )*) WR QRW SUHIHUHQWLDOO\ VLJQDO WKURXJK
)*)5%DVX et al..RQLVKL et al., DOVRUHSRUWWKDW
)*)RQO\ELQGVWKHH[WUDFHOOXODUGRPDLQRI)*)5VKRZLQJQR
DIÀQLW\IRU)*)5FRU)*)5FGXULQJHPEU\RQLFEURZQDGLSRVH
WLVVXHGHYHORSPHQWVXJJHVWLQJDOWHUHG)*)OLJDQGVSHFLÀFLW\
IRUGLIIHUHQWGHYHORSPHQWDOVWDJHVRUWLVVXHW\SHV
FGF16 secretion
3K\ORJHQHWLFDQDO\VLVRI VHTXHQFHVREWDLQHG IURP;HQEDVH
PDWFKHGWKHFRQVHQVXVDUUDQJHPHQWRIWKH)*)PHPEHUVLQWR
Fig. 5. Hydrophobicity plots for 
FGF9 family. Kyte and Doolittle 
hydrophobicity plots for (A) FGF4 
and FGF9 sub-family members, (B) 
FGF9, (C) FGF16, and (D) FGF20. 
Scores above 0 (represented by the 
dotted line) indicate hydrophobic 
amino acids; sites of high hydro-
phobicity are depicted as shaded 
areas. FGF4 has a “classic” signal 
sequence (SS) for co-translational 
secretion, but the members of the 
FGF9 subfamily have an internal 
hydrophobicity region which is as-
sociated with secretion.
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&RPSDUHGWRLWVUHODWLYHVsp5LVXQLTXHKDYLQJWZRSDUDORJVLQ
the Xenopus DQGWHOHRVWOLQHDJHV2VVLSRYD et al.,=KDR 
et al.7DOODIX` et alZKLOVWWKHUHLVRQO\RQHORFXV
SUHVHQWLQPDPPDOV+DUULVRQ et al3K\ORJHQ\VXJJHVWV
WKDW WKHVHJHQHVZHUHGXSOLFDWHGIURPWKHVDPHDQFHVWRUEXW
one copy was lost subsequently from the mammalian and bird 
OLQHDJHVLQHYROXWLRQ=KDR et al3HLDQG*ULVKLQ
,QXenopus these paralogs are referred to as sp5DQGVSO
7KH6SOLNHWUDQVFULSWLRQIDFWRUVDUHDIDPLO\RISURWHLQVZLWK
LPSRUWDQWUHJXODWRU\UROHVLQGHYHORSPHQW5HYLHZHGE\=KDRDQG
0HQJ7KHIDPLO\FRPSULVHVRI6SDORQJZLWKDQXPEHU
RIVWUXFWXUDOO\VLPLODU WUDQVFULSWLRQ IDFWRUVZKLFKVKDUHGHÀQLQJ
features such as a triple C+]LQFÀQJHUGRPDLQLQWKH&WHUPLQDOUHJLRQDQGDSUHFHGLQJEXWWRQKHDG%WGER[5HYLHZHGE\=KDR
DQG0HQJ2VVLSRYD et al6SOLNH WUDQVFULSWLRQ
IDFWRUV KDYH EHHQ LGHQWLÀHG LQ D YDULHW\ RI VSHFLHV LQFOXGLQJ
Xenopus, ZKLFKKDVPHPEHUV3UHVQHOO et al7KHVH
WUDQVFULSWLRQIDFWRUVUHJXODWHWKHH[SUHVVLRQRIWDUJHWJHQHVE\
DFWLQJ DV WUDQVFULSWLRQDO DFWLYDWRUV RU UHSUHVVRUV LQ D FRQWH[W
GHSHQGHQWPDQQHU )XMLPXUD et al +DJHQ et al 
Birnbaum et al3KDQ et al0DMHOOR et al
7KH'1$ELQGLQJVSHFLÀFLW\RIWKHVHIDFWRUVLVVLPLODUDFURVVWKH
IDPLO\ZLWKWKHFRQVHUYHGWULSOH]LQFÀQJHUGRPDLQUHFRJQLVLQJ
GC-rich sequences in the promoter regions of genes (Kadonaga 
et al'LIIHUHQFHVLQNH\UHVLGXHVRIWKH]LQFÀQJHUPRWLIV
PRGXODWHWKLV'1$ELQGLQJVSHFLÀFLW\EHWZHHQIDPLO\PHPEHUV
5HYLHZHGE\.DF]\QVNL et al$OWKRXJKWKLVIDPLO\VKDUHV
FRPPRQDOLW\ LQ VWUXFWXUH DQG '1$ ELQGLQJ GLIIHUHQW PHPEHUV
DSSHDUWRSOD\GLVWLQFWUROHVLQHPEU\RQLFGHYHORSPHQWZKLFKLV
GHPRQVWUDWHGE\WKHLUG\QDPLFH[SUHVVLRQSDWWHUQV5HYLHZHG
E\=KDRDQG0HQJIn situ hybridisation in Xenopus spe-
cies showed that sp5 and sp5l KDYHGLVWLQFWH[SUHVVLRQSDWWHUQV
WKURXJKRXWGHYHORSPHQW
Sp5 and sp5l FOHDUO\ KDYH GLIIHUHQWLDO H[SUHVVLRQ SDWWHUQV
WKURXJKRXW GHYHORSPHQW LQGLFDWLQJ WKH\ OLNHO\ KDYH GLIIHUHQW
IXQFWLRQDOUROHV3UHVHQFHRIsp5 in the neural crest and related 
VWUXFWXUHVWKHEUDQFKLDODUFKHVDQGRWLFYHVLFOHVXJJHVWVDUROH
LQQHXUDOFUHVWIRUPDWLRQ6XSSRUWLQJWKLVK\SRWKHVLVNQRFNGRZQ
of sp5UHVXOWVLQGHIHFWLYHQHXUDOFUHVWVWUXFWXUHVDQGsp5RYHU-
H[SUHVVLRQRUORVVFDXVHVXSRUGRZQUHJXODWLRQRIQHXUDOFUHVW
PDUNHUVsox10sox9 and slug3DUN et alSp5lH[SUHVVLRQ
is similar to posterior factors cdx4 and hoxA7ZLWKH[SUHVVLRQLQ
WKHSRVWHULRUQHXUDO WXEHDQGWDLOEXG1RUWKURSDQG.LPHOPDQ
3RZQDOO et alVXJJHVWLQJDUROHLQSRVWHULRUSDWWHUQLQJ
,QFRPSDULVRQ WRXenopusPXULQHSp5 LVH[SUHVVHG LQ WKH
SULPLWLYHVWUHDN WKURXJKRXWJDVWUXODWLRQDQG LVVXEVHTXHQWO\ LQ
Fig. 6. FGF16 activates the MAPK pathway and activates sp5 and sp5l expression. 
(A) Western blot to detect dpERK in uninjected control animal caps compared and animal 
caps injected with 50 pg of mRNA coding for FGF16 mRNA. Antibodies to diphospho-ERK 
(dp-ERK) and total ERK were incubated on the same blot sequentially after stripping. (B) 
Control animal caps after 3 days culture. (C) Animal caps expressing FGF16 from sibling 
embryos to those shown in (B). (D) RT-PCR on cDNA derived from whole embryos at 
stage 12 and on animal cap explants cultured to stage 12 that were either uninjected 
control explants or explants expressing FGF4 or FGF16. Expression of known FGF targets, 
xbra (27 cycles), egr1 (27 cycles) and cdx4 (27 cycles), as well as sp5 (25 cycles), sp5l 
and rpl8 loading control. Water, in which H
2
O replaced cDNA, and - RT, where no reverse 
transcriptase was used, functioned as negative controls.
GLIIHUHQWVXEIDPLOLHV)LJ,WRK	2UQLW]
)*)VXEIDPLO\PHPEHUVDUHKLJKO\KRPRORJRXV
LQ VWUXFWXUH DQG KDYH VLPLODU UHFHSWRU ELQGLQJ
VLWHV,WRK	2UQLW]=KDQJ et al.)RU
H[DPSOHWKH\KDYHDFRQVHUYHG&WHUPLQXVDQG
FHQWUDOK\GURSKRELF UHJLRQZKLFK LV UHTXLUHG IRU
VHFUHWLRQ 0L\DNDZD	 ,PDPXUD'HVSLWH
WKLVNQRZOHGJHWKHPHFKDQLVPRI)*)VHFUHWLRQ
UHPDLQVWREHHOXFLGDWHG
0RVW)*)VUHTXLUH1WHUPLQDOVLJQDOSHSWLGHVIRU
secretion (Kapp et al.+RZHYHU)*))*)
)*) )*) DQG )*) ODFN FOHDYDEOH VLJQDO
SHSWLGHV)*)DQGFDQEHUHOHDVHGLQUHVSRQVH
WRGDPDJHYLDDQ(5*ROJLLQGHSHQGHQWH[RF\WRWLF
VHFUHWRU\ SDWKZD\ ,WRK 	 2UQLW]  0LJQDWWL 
et al., ,QVWHDG)*)GLUHFWO\ WUDQVORFDWHV
DFURVVWKHSODVPDPHPEUDQHIRUVHFUHWLRQ1LFNHO
=HKH et al.$OWKRXJK)*)VXEIDPLO\
PHPEHUVDUHVHFUHWHGWKH\UHSO\XSRQXQFOHDY-
able bipartite signals including the N-terminal and 
FHQWUDOK\GURSKRELFUHJLRQ0L\DNDZD et al.
5HYHVW et al.  ,QWHUHVWLQJO\ 0L\DNDZD 	
,PDPXUDVKRZHGWKDW)*)LVVHFUHWHGE\
a process requiring the endoplasmic reticulum and 
*ROJLUHWURJUDGH*ROJLWUDQVSRUWRI)*)ZDVÀUVW
LQKLELWHGE\XVLQJEUHIHOGLQ$DQG1JO\FRV\ODWLRQRI
WKH1WHUPLQXVZDVVHSDUDWHO\REVHUYHGLQGLFDW-
LQJWKDW)*)PXVWKDYHSURJUHVVHGWRWKH(5
IRUSURFHVVLQJ
sp5 and sp5l expression and regulation
Our data indicate that sp5 and sp5l are candi-
GDWHVIRUUHJXODWLRQE\)*)7KHUHLVRYHUODSRI
WKHLUH[SUHVVLRQGRPDLQV LQ WKHHDUO\PHVRGHUP
DQG)*) LVDEOH WRDFWLYDWH WKHH[SUHVVLRQRI
both sp5 and sp5lLQDPHVRGHUPLQGXFWLRQDVVD\
Xenopus FGF16 activates sp5 and sp5l    637 
WKH PLGEUDLQ 0+% QHXUDO WXEH VRPLWHV SKDU\QJHDO UHJLRQ
DQG WKH WDLOEXG +DUULVRQ et al Xenopus sp5 and sp5l 
recapitulate different aspects of mammalian Sp5 patterning and 
SRVVLEO\IXQFWLRQ0XULQHSp5 and Xenopus sp5 VKDUHH[SUHVVLRQ
LQWKHPLGEUDLQ0+%DQGSKDU\QJHDOUHJLRQZKHUHDVXenopus 
sp5l and murine Sp5VKDUHH[SUHVVLRQLQWKHQHXUDOWXEH%RWK
XenopusSDUDORJVDUHH[SUHVVHGLQWKHWDLOEXGOLNHPXULQHSp5
0DPPDOV GR QRW SRVVHVV Sp5l KHQFH PDPPDOLDQ Sp5 may 
perform the roles of both Xenopus sp5 and sp5l7KLVVXJJHVWV
DGLYHUJHQFHRIIXQFWLRQLQXenopus6SDQG6SOSURWHLQVDIWHU
WKHLUGXSOLFDWLRQHYHQWZKLOVWPDPPDOVORVWWKHLUSp5l locus and 
6SUHWDLQHGDOOIXQFWLRQ
Materials and Methods
Embryos
X. laevis and Xenopus tropicalisHPEU\RVZHUHREWDLQHGXVLQJDUWLÀFLDO
IHUWLOLVDWLRQX.laevisHPEU\RVZHUHPLFURLQMHFWHGLQ[QRUPDODPSKLE-
LDQPHGLXP1$0ÀFROODQGFXOWXUHGLQ[1$0EHWZHHQWHP-
SHUDWXUHVRI$&²$&X.tropicalisHPEU\RVZHUHFXOWXUHGLQ056
EHWZHHQWHPSHUDWXUHV$&²$&$OOHPEU\RVZHUHVWDJHGDFFRUGLQJ
WR1LHXZNRRS	)DEHU
Multiple sequence alignments for FGF16
;HQEDVHZDVXVHGWRREWDLQWKHDYDLODEOHX. laevis FGF amino acid 
and coding sequences (Karimi et al.%/$67%DVLF/RFDO$OLJQ-
PHQW6HDUFK7RROVHDUFKHVLGHQWLÀHGWKHGallus gallus FKLFN and Homo 
sapiens KXPDQ)*)VHTXHQFHV3UL\DP et al.X. laevis )*)
LVXQDYDLODEOHRQ;HQEDVHWKHKXPDQ)*)DPLQRDFLGVHTXHQFHZDV
used to identify the X. laevis FGF16 JHQRPLFVHTXHQFH7KHDSSDUHQW
HYROXWLRQDU\UHODWLRQVKLSEHWZHHQDOOPHPEHUVRIWKHX. laevis, Gallus gal-
lus and Homo sapiens )*)IDPLOLHVZDVH[DPLQHG$PD[LPXPOLNHOLKRRG
SK\ORJHQHWLF WUHH ZDV FUHDWHG XVLQJ 0HJD VRIWZDUH DQG DOLJQPHQWV
SHUIRUPHGIRUDPLQRDFLGVHTXHQFHVXVLQJ086&/((GJDU.XPDU 
et al.)*))*)DQG)*)DOLJQPHQWVZHUHFUHDWHGXVLQJ
*HQH'RFVRIWZDUH1LFKRODV
Cloning of Xenopus laevis FGF16
51$ZDVH[WUDFWHGIURPVWDJHDQGX. laevis embryos 
YLD7UL]RO ,QYLWURJHQH[WUDFWLRQDQG WKH=\PR6SLQ70 ,& FROXPQ51$
SUHSDUDWLRQSURFHGXUH=\PR5HVHDUFKDFFRUGLQJWRWKHPDQXIDFWXUHU·V
LQVWUXFWLRQV([WUDFWHG51$ZDVXVHGWRJHQHUDWHF'1$XVLQJWKH6XSHU-
6FULSW,9)LUVW6WUDQG6\QWKHVLV6\VWHP,QYLWURJHQ6WDJHF'1$ZDV
DPSOLÀHGE\SRO\PHUDVHFKDLQUHDFWLRQ3&5ZLWK*R7DT*UHHQ0DVWHU
0L[3URPHJDDQGVSHFLÀF)*)SULPHUV7DEOH3&5SURGXFWVZHUH
OLJDWHGLQWRWKHS*(07(DV\'1$YHFWRU3URPHJDDQGVXEVHTXHQWO\
VXEFORQHGLQWRS&6XVLQJ(FR5
In vitro transcription of DIG-labelled probes
S*(0FGF16 ZDV OLQHDUL]HG XVLQJ 6SK S&6 FRQWDLQLQJ Sp5 
*HQ%DQN$FFHVVLRQ$$+XVLQJ1FR,DQGS&6FRQWDLQLQJ
Sp5l*HQ%DQN$FFHVVLRQ$$,XVLQJ+LQG,,,EHIRUHWUDQVFULSWLRQ
XVLQJWKH',*51$/DEHOOLQJ.LW5RFKH751$SRO\PHUDVHZDVXVHG
for sp5 and sp5l ',*WUDQVFULSWLRQDQG6351$SRO\PHUDVHIRU FGF16
In situ hybridisation
(PEU\RVZHUHFROOHFWHGDWWKHDSSURSULDWHVWDJHVDQGÀ[HGLQ0(0)$
00236P0('7$P00J62IRUPDOGHK\GHIn situ hy-
bridisations were performed following the procedure described in Fisher 
et al., (+\EULGLVDWLRQZDVFDUULHGRXWRYHUQLJKWDW$&ZLWK+J
ml of FGF8- and FGF16 ',* SUREHV (PEU\RV ZHUH WKHQ LQFXEDWHG
RYHUQLJKWDW$&ZLWKDGLOXWLRQRIDIÀQLW\SXULÀHGVKHHSDQWL',*
DQWLERG\FRXSOHGWRDONDOLQHSKRVSKDWDVH$3LQEORFNLQJVROXWLRQ&RORXU
UHDFWLRQVZHUHVXEVHTXHQWO\SHUIRUPHGRYHUQLJKWXVLQJWKH%0SXUSOH
SUHFLSLWDWLQJ$3GHWHFWLRQV\VWHP5RFKH3LJPHQWZDVUHPRYHGXVLQJ
+OVROXWLRQLQ3%6
Photography
,PDJHVZHUHWDNHQXVLQJWKH6327LQVLJKW03&&'FRORXUFDPHUD
DWWDFKHGWRD/HLFD0=)/,,,PLFURVFRSH
Generating synthetic mRNA
S&6FGF16 ZDVOLQHDUL]HGXVLQJ1RW,DQG&DSSHGFGF16P51$
ZDVJHQHUDWHGXVLQJWKHP0HVVDJHP0DFKLQH63WUDQVFULSWLRQNLW,Q-
YLWURJHQIROORZLQJWKHPDQXIDFWXUHU·VLQVWUXFWLRQV
Western blot analysis
X. laevisDQLPDOFDSH[SODQWVZHUHGLVVHFWHGDW1)VWDJHDQGFXOWXUHG
XQWLO1)VWDJHZKHQWKH\ZHUHFROOHFWHGDQGKRPRJHQLVHGLQVDPSOH
buffer and centrifuged (Keenan et al.  6XSHUQDWHV ZHUH ORDGHG
RQWRDQDFU\ODPLGHJHOIRU6'63$*(DQGSURWHLQHOHFWURWUDQVIHUUHGRQWR
,PPRELORQ33'9)PHPEUDQHV0LOOLSRUH0HPEUDQHVZHUHEORFNHGLQ
PLON3%6$73ULPDU\DQWLERG\GLOXWLRQVZHUHPRXVH_GS(5.6LJPD
_WRWDO(5._S3_S$.76HF-
ondary antibody dilutions were: dpERK _PRXVH+53WRWDO(5.
S3DQGS$.7_UDEELW%0FKHPLOXPLQHVFHQFHEORWWLQJVXEVWUDWH
5RFKHZDVXVHGIRUSHUR[LGDVHDFWLYLW\GHWHFWLRQ
Semi-quantitative RT-PCR
HPEU\RVRUDQLPDOFDSHFWRGHUPDOH[SODQWVZHUHÁDVKIUR]HQ
RQGU\LFHDQG51$ZDVH[WUDFWHGXVLQJ75,]RO5HDJHQW® 6LJPDF'1$
ZDVV\QWKHVLVHG IURP+JRI WRWDO51$XVLQJ6XSHU6FULSW® ,95HYHUVH
7UDQVFULSWDVH,QYLWURJHQ ,QVKRUW WRWDO51$ZDV LQFXEDWHG IRUPLQV
DW ʝ ZLWK +0 UDQGRP KH[DPHU SULPHUV DQG WKHQ LQFXEDWHG ZLWK
UHYHUVHWUDQVFULSWDVHDWʝIRUPLQVʝIRUPLQVDQGʝIRU
PLQV7RFKHFNIRUDQ\JHQRPLFFRQWDPLQDWLRQFRQWURO51$ZDVDOVR
SURFHVVHGZLWKRXWUHYHUVHWUDQVFULSWDVH3&5DPSOLÀFDWLRQZDVSHUIRUPHG
XVLQJSULPHUVLQ7DEOHLQFOXGLQJWKRVHIRU ribosomal protein L8 (rpl8) as 
DXELTXLWRXVO\H[SUHVVHGORDGLQJFRQWURO
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